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A new study by Sherman et al. introduces a rigorous way to treat extrinsic noise with theory, isolates its prom-
inent sources in vivo, and sharpens our understanding of biological heterogeneity.It’s clear what noise means in some
contexts. Consider, for example, ‘‘shot
noise’’ in a digital camera. It is the
spurious, random, and predictable static
one sees if a picture is taken in perfect
darkness. Shot noise degrades signal in
understood ways. Biological noise, how-
ever, is different. It is unclear whether
biological noise reflects passively accom-
modated variation in some ideal biological
process, actively cultivated diversity that
facilitates adaptation, or both.
‘‘Noise,’’ as it’s commonly used in
biology, is an umbrella term. It captures
all the heterogeneity that exists because
life is small-numbers biochemistry acting
in context. Cells are built by inter-depen-
dent molecular processes; these pro-
cesses are the result of productive,
stochastic collisions between single mol-
ecules. With randomness at its founda-
tion, biology is inherently imprecise. If
we could understand biological noise,
we would understand the baseline upon
which all concerted biological processes
must act. In this issue of Cell Systems,
Sherman et al. (2015) provide a new way
to interrogate biological noise.
In a hallmark paper from 2002, Michael
Elowitz et al. (2002) provided seeing-is-
believing evidence that biological noise
can be striking under ‘‘ideal’’ conditions
(Elowitz et al., 2002). This paper also
brought two workhorses to the fore that
have been central to the study of biolog-
ical noise.
First, gene expression was posed as a
small numbers problem: for each gene,
there is only one promoter per chromo-
some copy per cell. If one assumes that
the rest of transcription and translation
are reasonably well behaved, then the
number of proteins per cell reports onmo-
lecular collisions between individual tran-
scription factor molecules and the pro-
moter. A similar approach was taken by
Ozbudak et al. (2002).308 Cell Systems 1, November 25, 2015 ª20Second, Elowitz et al. (2002) introduced
the concepts of intrinsic and extrinsic
noise. These concepts were defined
mathematically; they were assigned
values based on fluctuations in gene
expression measured for two apparently
equivalent genes in single cells. A key
assumption was used to distinguish be-
tween extrinsic and intrinsic noise experi-
mentally: fluctuations that were intrinsic to
the act of transcription would be uncorre-
lated between the two genes. All corre-
lated fluctuationswould reflect ‘‘extrinsic’’
properties that may vary cell to cell but
would be ‘‘felt’’ equivalently at the two
genes measured within a single cell. The
mapping between math and experiment
was based on then-reasonable assump-
tions (for example, that intrinsic and
extrinsic noise each made an indepen-
dent contribution to total noise).
Since 2002, the terms ‘‘intrinsic’’ and
‘‘extrinsic’’ have come into general use,
but the precision of their definitions has
eroded somewhat. They’ve become a
pragmatic way to break the large problem
of noise into smaller parts. In essence,
they place a frame around a particular
molecular-level process—for example,
transcription initiation (Figure 1, left). In-
side the frame, noise is considered to be
intrinsic to the process itself. Outside the
frame, noise is considered to be extrinsic.
Careful experimental design can, in prin-
ciple, isolate extrinsic noise; analysis
becomes simpler if extrinsic noise is
removed. Rigorous methods to study
intrinsic noise can be borrowed from
theory. This general approach has
focused the discussion of cellular hetero-
geneity on the most fundamental source
of noise: molecular collisions. However,
it has important limitations.
It has been argued that interpretations
of intrinsic noise tend to be wrong in sys-
tematic ways if extrinsic noise is not taken
into account (Hilfinger and Paulsson,15 Elsevier Inc.2011). From the perspective of biological
interpretation, the inextricability of
intrinsic and extrinsic noise could be a
comparatively minor problem if intrinsic
noise was the dominant determinant of
behavior. However, in this issue, Sherman
et al. (2015) show that extrinsic noise can
account for more than half of all noise,
even when copy numbers are low and
the effects of intrinsic noise should be
stronger than average. Formal methods
to treat extrinsic noise have been lacking.
This makes it difficult to understand how
intrinsic noise propagates to—and is
influenced by—heterogeneity at larger
scales. Sherman et al. (2015) address
this problem andmake the problem of un-
derstanding extrinsic noise much more
concrete.
They begin with the premise that
intrinsic noise depends on extrinsic noise.
This means that they can’t be treated
separately. It also makes sense: tran-
scriptional bursting, a canonical intrinsic
phenomenon, should be a function of
RNA polymerase concentration, which is
an extrinsically varying property of a cell.
Extrinsically varying cellular properties
have particular features: each is specific
to an individual cell (the number of ribo-
somes, for example), but it exerts a non-
specific effect from the perspective of an
individual gene (increasing the concentra-
tion of ribosomes is likely to increase the
bulk translation rate of all genes). Put
another way, they are the global features
that tend to make fluctuations in gene
expression correlate between individual
genes within single cells; this echoes Elo-
witz et al. (2002)’s original definition of
extrinsic noise.
Each biochemical step of gene expres-
sion is affected by at least one cellular
property that varies extrinsically. In Sher-
man et al. (2015)’s treatment, the quanti-
tative features of these properties may
depend on one another (for example, the
Figure 1. Defining Extrinsic versus Intrinsic Noise in Transcription Initiation
Schematically, intrinsic noise arises from molecular collisions inside the gilded frame, while extrinsic
sources of noise, indicated in blue, lie outside it. Sherman et al. (2015) show that extrinsic noise does
not propagate through all processes equally, as is schematized by the uniform blue on the left. Instead,
most extrinsic noise arises from a specific source: the cell’s propensity to transcribe, as indicated by the
dark blue cloud on the right. Images courtesy of iStock.com and the following iStock.com contributors:
Jobalou, Alllex, hidesy, and shoo_arts.
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may depend on the number of ribo-
somes), and they can vary with time, but
at a rate that is slow compared to intrinsic
noise. In this scheme, each extrinsically
varying property is a source of extrinsic
noise, and they can be treated as time-
varying quantities in a mathematical
model of gene expression.
Simulating such a model and
comparing it with carefully collected and
benchmarked data, as Sherman et al.
(2015) do, allows them to ask a funda-
mental question: is extrinsic noise indeed
a global property with no specific source,
or do particular processes dominate? The
answer, according to Sherman et al.
(2015), rests on the premise that baseline
bulk transcription rates vary from cell to
cell. This feature, which they call a cell’s
propensity to transcribe, is the key source
of extrinsic noise in their model gene’s
expression. Their observations demon-
strate that the most important contributor
to extrinsic noise exerts its effects at
the edge of intrinsic noise’s ‘‘frame’’ as
schematized in Figure 1 (right). This
observation brings an important ques-
tion—whether a firm distinction between
extrinsic and intrinsic noise can be
made—into sharper focus.It is worth asking how many truly
global quantitative properties of cells
we expect to see, especially consider-
ing that the cell’s ability to create subcel-
lular microenvironments is profound
(Lee et al., 2013, for example). Instead,
consider the following shorthand:
extrinsic noise shapes the specific
context of an individual biochemical
event (for example, the number of mole-
cules involved) and intrinsic noise arises
from the biochemical event itself. There
are many instances in biology where
feedback from a biochemical event
remodels its upstream context, but
we don’t commonly think of intrinsic
noise’s effect on extrinsic noise. This
can be appropriate when studying
certain aspects of transcription because
feedback may be delayed by transla-
tion and experimental timescales are
comparatively short. However, what if
that feedback occurs on the same time-
scale as the biochemical event itself?
Zooming in reveals that this circum-
stance may not be uncommon, even in
transcription. It would have two critical
features: the ability to respond to small
changes in effective concentration and
the ability to generate those changes
quickly. There are many hallmark exam-Cell Systems 1, Nples where small differences in the
concentration of a transcription factor
have important biological consequences
(a classic example is the lysis-lysogeny
switch in lambda phage, see Ptashne
[1986]; a modern example is stem cell dif-
ferentiation, see Sokolik et al. [2015]). If
the nucleus is indeed organized into
spatial domains (Kind et al., 2015) and
diffusion is biased by them, then the num-
ber of transcription factors in the neigh-
borhood of a promoter may change
meaningfully on the same timescale as
molecular collisions and chemical poten-
tials may act analogously to feedback. In
this case, are extrinsic and intrinsic noise
separable? If not, what are the implica-
tions for cellular regulation or for gener-
ating deterministic responses?
As live-cell-imaging-based techniques
advance, it will be interesting to see how
the ideas born in Sherman et al. (2015)
develop in 3D and 4D. We may learn
whether genes whose concentration is
controlled very tightly have special
‘‘rules’’ for dealing with noise. Finally, it
may be fruitful to focus the discussion of
noise outside the nucleus and investigate
whether the principles that govern gene
expression apply to fundamentally
different processes.REFERENCES
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